ABSTRACT. An energy-balance model is used to calculate m ass balance a nd equilibrium-line altitudes (ELAs) on two northwest Spitsbergen glaciers, Austre BnDggerbreen and Midre Lovenbreen, whose mass balances a re at present negative, and for which greater than 20 year records of mass-balance data are available. The model takes meteorological data, ice-mass area distribution with altitude, and solar radiation as inputs. M odelling uses mean daily meteorological data from a nearby weather stati on, adjusted for a ltitude. Aver age net bala nces modelled for 1980-89 using model s tuned to the decade's average were -0.44 a nd -0.47 m w.e. for Lovenbreen and Br0ggerbreen, respectively, compared with the meas ured averages of -0.27 and -0.36 m . Sensitivity tests on glacier response to gr eenhouse warming predict a net bala nce change of -0.61 m year-I per °C temperature rise relative to today, a nd a rise in ELA of 90 m °C-1 Modelling of Little Ice Age conditions in Spitsbergen suggests that a 0.6°C cooling or a precipitation increase of23 % would yield zero net mass bal ance for Lovenbree n and that further cooling would increase net balance by 0.30 m year 1 °C I. Set in the co ntext of similar modelling of so uthern Norwegian, Alpine and Greenland ice masses, these resu lts support the sugges tion tha t glaciers with a maritime influence (i. e. higher accumulation) are most sensitive to climate change, implying a gradient towards decreasing sensitivity as accumulation decreases eastward and with altitude in Svalbard.
INTRODUCTION
Several modelling studies have suggested that changes in the Earth's climate will be felt first in the Arctic, a nd to a greater extent tha n elsewhere (e.g. StoulTer and others, 1989; Walsh, 1991; Cattle and Crossley, 1995) . Spitsbergen (77-80° N, 10-22° E ), in particular, is located at the northern extremity of the strong meridional transfer of heat linked to the warm-water North Atlantic Drift and to the relatively warm northward-tracking atmospheric depressions. Th e potential sensitivity of Spitsbergen to climate change is demonstrated by a rise of 4-5°C in mean annual temperature linked to the termination of the Little Ice Age cool period early in the 20th century (e.g. Steffensen, 1982; Dowdeswell, 1995) . The potential importance of glaciers and small ice caps in general to greenhouse-induced warming and global sea-level rise has been di sc ussed by several authors (e.g. M eier, 1984 O erlemans and FOI,tuin, 1992) , but the sensitivity of glaciers in th e high Arctic to climate change has seldom been modelled (er. Oerlemans a nd Fortuin, 1992) .
Th e aim of this paper is to model the mass balance of two Spitsbergen glaciers using an energy-ba la nce approach in which the components of the surface energy balance are calcul ated (e.g. O erlemans, 1988, 1991, 1992) . The glaciers, Austre Br0ggerbreen and Midre Lovenbreen in the Kongsfjorden area of northwest Spitsbergen (Fig. I ), are very suitable for such a study because systematic mass-balance observations have been made ann ually for more than 20 years and they are withi n 5-6 km of the meteorological station at Ny-Alesund (Hagen and Liestol, 1990) . Massbalance modelling is undertaken for three situations: (I) present-day clim ate ; (2) various predictions of greenhouse-induced global warming; a nd (3) the cooler climate of the Little Ice Age. Model results using modern meteorological data as input are first compar ed with observed mass-balance records for the two Spitsbergen glaciers. The model is then used to test the sensitivity of th e glaciers to future a nd past changes in climate.
STUDY AREA

The IIlodelled glaciers
Austre Br0ggerbreen and l\1idre Lovenbreen are small glaciers with areas of approximately 6 km 2 , located 3-5 km apart on the Broggerhalvoya peninsula in northwest Spitsbergen (Fig. I) . A la rge body of glaciological inform ation is available on these glaciers, including surface morphology, ice thickness measured by radio-echo sounding, and studies of their hyd rological and thermal cha racteristics (e.g. Dowdeswell and others, 1984a, b; Li es tol, 1990; Hagen and Scetrang, 1991) . Both glaciers span an a lritudinal range between close to 0 and 700 m a.s.l. , although nei th er actually reaches the adjacent fjord. The hypsometry of the two glaciers is somewhat different, Lovenbreen having a larger area at relatively higher elevations (Fig. 2) .
Of particular significa nce for the present study is the long time se ri es of mass-balance data that is available for 1981-82 a nd 1986-87) , Each follows a similar pattern of intera nnu a l va riation in net ba lance, but Lovenbreen, probably because more of its a rea is a t a higher altitude (Fig, 2) , experi ences th e less negative ba lance of the two, There has been a trend towards less negati ve m ass balances over th e period of observations (Lefauconni er a nd H agen, 1990). It should be noted th at superimposed ice plays a significant role in the m ass bala nce of the two glaciers, m a king up 10-30 % of the to taL (Steffensen, 1982; H anssen-Bauer and others, 1990) , The mean annua l temperatu re at Ny-Ales und is -6°C, with a nnual precipitati on of 0,2-0.3 m year-I w,e, Mean month ly temperatures above zero occ ur from June to September, with an August value of 4.1 °C at Ny-Alesund (Fig, I) , Th e ratio of precipitation between sea level (the NyAlesund weather station) a nd the highest regions of th e g laciers (approxim ately 700 m ) is of the order of 1 : 3 (Li est01, 1990), H agen a nd Li est01 (1990) fo und that there is a relatively poor correla tion (0, 63) between winter precipitation (September-June) measured at Ny-Alesund a nd snow accumul ation over the whol e glacier, because much of the accumu lati on over the glacier is associated with winds a nd snowdrifts. Th e variation of precipitation with altitude is accommoda ted by fitting a second-order polynomial to the observed values of snowfall with altitude (L iest01, 1982 , 1983 , 1986 Hagen a nd L iest01, 1987; H agen, 1988) , Exa mples a re shown in Fig ure 4 for Austre Br0ggerbreen in seasons 1980-81 and 1986-87, va lues being norm alised with respect to da ta from Ny-Alesund . Correlations of 0.95-0.99 between th e fitted curve and the norm a li sed da ta were obta ined using this method,
ENERGY-BALANCE MODELLING OF GLACIER MASS BALANCES
The Inodel T he energy-bala nce model is simi la r to that used in O erlema ns (1988, 1991, 1992 ), T his model calculates the compo- nents of the surface energy balance. It takes meteorological data, the area distribution with altitude of the ice mass, and parameters defining the global radiation as input values. The model has also been applied to the calculation of mass balances for glaciers in the Austrian Alps and in southern Norway (Oerlemans and Hoogendoorn, 1989; Oerlemans, 1992) , and to the Greenland ice sheet (Oerlemans, 1991) . As the model has been described in detail in Oerlemans (1992) , only a brief summary will be given here. The mass balance of a glacier surface may be expressed as:
where M is the annual mass balance, f is the fraction of meltwater that refreezes instead of running off, B is the energy balance of the surface, L is the latent heat of melting, and P is the rate of precipitation in solid form. The term f is calculated using the ice-firn temperature in spring, which we approximate as the mean annual temperature. Surface layers at this temperature are then warmed through refreezing and latent heat release in the model. The energy exchange between the atmosphere and the glacier surface is found from:
where a is the surface albedo, Q is the short-wave radiation reaching the surface, lin and lout are the incoming and outgoing long-wave radiations, and Fs and .F1 are the sensible Altitude (m) 500 600
• 500 600 ( a) 1980 ( a) -81 and (b) 1986 ( a) -87 (data from Liestel, 1982 Hagen, 1988) . Curves are second-order polynomials fitted to the data points.
Fig. 4. Variations in snouJall with altitude for Austre Breggerbreen in the seasons
and latent heat fluxes. The energy budget is thus divided into several components: solar radiation, long-wave radiation, turbulent energy fluxes and the refreezing of meltwater. The latent heat flux term is set to zero because of insufficient evidence on humidity over the glacier. The solar radiation reaching the top of the atmosphere is found using the method ofWalraven (1978) . This radiation is then attenuated by absorption and scattering. Cloudiness, solar zenith angle and surface elevation are accounted for. However, the geometry of the glacier surface is not. Surface albedo is generated internally and is dependent upon the presence of snow, distance to the equilibrium line and the accumulated melt during the ablation season.
The long-wave component of the energy equation is divided between the outgoing radiation from the glacier surface and that incoming from the atmosphere. Outgoing radiation is set to a value of 316 W m -2, that emitted by a black body at the melting point. The atmospheric long-wave radiation is in two parts: the contribution from a clear sky and that from clouds. The incoming radiation is calculated using the formulation of Kimball and others (1982) . The radiation coming from clouds is transmitted in the 8-]4 jJ.m spectral band. Turbulent fluxes are proportional to the difference between the air and surface temperatures and humidity. Th e percolation and refreezing of meltwater is incorporated into Equation (1) of the model because, in Svalbard, superimposed ice contributes on the order of 10% to the annual accumulation (Hagen and Liest01, 1990) .
Nature of input meteorological data
There are three methods by which the required meteorological parameters may be applied to the model: (i) the use of long-term climate data (the global method ); (ii ) annual fits to measured data (annual method ); (iii ) daily inputs. The annual method has often been used (Oerlemans, 1991 (Oerlemans, , 1992 . This requires the annual temperature cycle to be expressed as a sinusoidal function. Precipitation is defined as constant throughout the year, with rain or snow every second day. Precipitation is assumed to fall as snow when the daily average temperature is below 2°C, and as rain above that value. All rainfall is assumed to run off. Humidity and cloudiness are constant throughout the year, and set to the average annual value. The annual method is often adopted because daily meteorological data are either absent or only available from stations remote from the glaciers being modelled. An alternative procedure is to use measured mean daily values for the meteorological parameters. We are able to take this approach because of the proximity of the Ny-Alesund meteorological station to the glaciers being modelled (Fig. I) .
We are therefore able to compare the results of energybalance modelling using both annual fits to the meteorological data and observed daily values. In addition, we can compare both sets of mass-balance results, generated by energy-balance modelling, with the observed massbalance data from the two glaciers.
MODELLING MODERN GLACIER MASS BALANCE IN SPITSBERGEN
This section deals with modelling the mass balance of glaciers of interest for present-day climatic conditions. Before this was done, a standard or reference climate was produced. This reference was found by determining the daily average values of the meteorological parameters for the period 1980-89. The altitudinal variations in precipitation [or each glacier were found from the average precipitation with altitude for the years when these data were avai lable (1980-81,1981-82, 1983-84 and \985-86) . Next, the mass-balance model was tuned, such that it gave the average mass balance for the decade 1980-89 using the reference climate. Two models were produced, one for each glacier. It was these models which were used to calculate the annual mass balance. Several sets of comparisons can be made. First, the results of energy-balance modelling of mass balance simulate the observed mass balance of the two glaciers with reasonable accuracy (Fig. 5) . Mean observed net mass balance for the period 1980-89 is -0.36 m for Bmggerbreen and -0.27 m for Lovenbreen. Calculated values are -0.47 and -0.44 m, respectively. The pattern of the observed net mass-balance curves over the nine balance years is a lso reproduced (Fig. 5) . For equilibrium-line altitude (ELA ), field measurements record mean elevations of 388 m for Broggerbreen and 371 m for Lovenbreen. The corresponding calculations yield means of 368 and 373 m, respectively (Table 1) . Calculated ELAs for individual years deviate from field observations by a mean of 48 m for Austre Bf0ggerbreen and 37 m for M idre Lovenbreen (Table 1) .
Secondly, the calculations of mass balance using daily averages simulate the observed data more closely than do those using longer-term averages ( Fig. 5a ; Table I ). A comp a ri son of ave rage ELA and net mass ba lance for Lovenbreen over the 9 year p eriod dem onstrates this (Tabl e I). For exa mple, ELAs calcu lated using input da ta from the annual method deviate by a mean of 10 m from m easured values, as compared with less tha n half this value for d aily meteorological da ta. A series of model runs was a lso underta ken using daily m eteorological data for each individu al p ar ameter in tu r n, a nd using sinusoida l functions for the remainder (Fig. 6) . C ompa ri son of th ese calcula tions with observed m ass balance for Midre Lovenbreen shows th at th e inclusion of daily temperature, as opposed to the sinusoidal function through the year, yielded the m os t significant shift in pred icted m ass-balance values toward s those measured in th e fi eld (Fi g. 6). Changes introduced through including detailed d ata on precipitation and cloudiness were less marked, but d aily clo udiness data were the mos t significant of the two. This implies tha t detailed m eteorological da ta, on temperature in pa rticular, shou ld be used in this form or modelling in preference to annu al fits to measUl-ed data, where the form er a re avai lable_ This is of course not possible when p as t or future climates a re b eing m odelled.
MODELLING THE SENSITIVITY OF SPITSBERGEN GLACIERS TO CLIMATE CHANGE
Sensitiv ity to f ut ure warllling M odelling of clim atic wa rming was carried out in two p a rts. Th e first series of tes ts applied global average values in response to a doubling of th e CO 2 conce ntration, as pred icted by va rious modelling efforts. Koster (1991) sta tes that the global mean rise in temperature will b e 1.5-4.5°C, with an average of 2.5°C. Th ese values were each appli ed to the reference clim ate, a nd provided a test of the sen sitivity of the glacier system to a wide range of warming scenarios. Th e res ults are presented in A second series of tests utili ses values of climate change determined sp ecifically for th e Fennoscandi an region, which a re predicted to occ ur for a doubling in the atmospheric concent ration of C O 2 , They incorporate ch anges to both summer and winter temper atures, a nd to precipitati on, in resp onse to wa rming (K oster, 1991) . Winter tempera tures of +5° to 6°C a nd summer temperatures of +2° to 3.5°C a re used, combined with precipitati on increases of 10-50 %. These ch a nges were applied to the r eference cl im ate by use of a sinusoid a l curve defined by the ch ange in summer and winter temperature.
Examples of the res ults of m odelling using th ese values for fu ture clim ate ch anges are shown in Fig ure 8 . In general, rises in summer temperature had a n important effect on mass balance, wh ereas increases in winter temperature were of little significance. This is because th e temperature is significantly below the melting point through most of th e winter p eriod, a nd raising it does not necessarily result in melting. ' !\Then a n increase of 2°C in summer temperature was applied, the increase in ablation was offset above about 600 m in elevation by a n increase in precipitation by 50 % , regardl ess of the ch ange in winter temper ature (Fig. 8) . For this scena rio, the equi li brium line rose by a bout 53 m . H owever, when the summer temperature was increased by 3.5°C , increased melting could not be offse t anywhere on the glacier by even a 50 % increase in precipitati on, a nd the eq uilibrium line climbed 175 m relative to the m odern r eference clim ate (Fig. 8) . When precipitation was either held at th e reference climate value or increased by 10 %, the ELA for a 3.5°C ri se in summer temperature was found to b e close to or above the highest points on the glacier, again resulting in the total wastage of the ice mass. Thus, dep ending on the relationsh ip b etween temperature and precipitation, a war ming of 3.5-4.5°C would b e likely to -reference
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Mass Balance (mm y(1 water equivalent) Simoes (1990) determined from ice-core data that the increase in temperature for the 20th-century average as compared with the previous three centuries was 1.5-2.2°C over the Svalbard archipelago, of which Spitsbergen is the largest island. These three centuries cover the most intense part of the climatic cooling associated with the Little Ice Age in Spitsbergen (e.g. Dowdeswell and others, 1990; Fujii and others, 1990; Simoes, 1990) . The modelling carried out to determine the mass balance under these cooler conditions involved an envelope of mean temperatures 0.5-3°C lower than today. Modelling was again restricted to Austre Lovenbreen, and results were compared with calculated mass balance for the modern reference climate (Fig. 9) . In general, modelling predicts that cooling would result in an increase in net mass balance of approximately 0.30 m year-
C-I and a decrease in ELA of approximately 77 m °C-I (Fig. 9 ). Model calculations suggest that a decrease in the mean annual temperature of approximately 0.6°C or an increase of 23 % in annual precipitation would result in a zero mass balance for Midre Lovenbreen (i.e. the glacier would be in equilibrium with the imposed climate). Using statistical correlations between meteorological and mass-balance data, Hagen and Liest,,:!! (1990) found that a decrease in the average summer temperature of 1°C and a 50% increase in winter precipitation would result in a zero mass balance for Bmggerbreen and Lovenbreen.
Discussion
The sensitivity of ice masses to climatic change has also been modelled using an energy-balance approach for glaciers in southern Norway and the Alps, and for the Greenland ice sheet (Oerlemans, 1991 (Oerlemans, , 1992 . Changes in the net mass balance and ELA of glaciers in these areas for a 1°C warming are plotted in Figure 10 , along with our results from Austre Bmggerbreen in northwest Spitsbergen. All values are plotted as a function of the annual precipitation in the highest part of the accumulation area. Oerlemans (1992) reports a clear relationship between annual precipitation and the predicted change in mass balance (Fig. lOb) . However, he notes that there is no apparent link between precipitation and modelled change in ELA ( O erlemans (1992) . This supports the conclusion that maritime glaciers ar e more sensitive to change in temperature and precipitation. The implication of Figure lOb for Svalbard in gener al is that glacier sensitivity to clim ate change will vary ac ross the a rchipelago with the prevailing gradi ent in precipitation. Precipitation is greatest along the west coas t of Spitsbergen, a nd decreases eastwards and with increas ing altitude. We might therefor e expect Austre Br0ggerbreen a nd Midre Lovenbreen to be among th e glaciers most sensitive to clim ate change in the archipelago, because of their location close to the west coast (Fig. 1) .
SUMMARY AND CONCLUSIONS
Spitsbergen, at the north ern extremity of th e strong polewa rd transfer of heat through the Norwegi an Sea, is likely to be pa rticula rly sensitive to climate change. Historical records of temperature change in Spitsbergen show that it has experienced a major increase in temper ature during the early pa rt of the 20th century (Steffensen, 1982 ; H a nssenBauer a nd others, 1990). We have used an energy-balance model (O erlem ans, 1991, 1992) both to calculate the modern m ass bal a nce of two Spitsbergen glaciers and to predict their response to imposed warming and cooling trends. Th ese imposed changes are intended to simulate future gr eenhouse warming and past climatic cooling associated with the Littl e Ice Age of the last few centuries. The main findings a re as follows:
(I) Net m ass bal ance and ELAs on Austre Broggerbreen and Midre Lovenbreen were first modell ed for contempora ry clim atic conditions. Model calculations used dail y meteorological data, derived from the nearby station at Ny-Alesund and corrected for altitudinal effects. Comparisons between modelled and observed m ass-balance data were made for th e balance years 1981 -89 (Fi g. 5). Modelled net balance aver aged over the period 1980-89 is -0.47 m w.e. for Broggerbreen and -0.44 m for Lovcnbreen (Table I ). This compares with the mean values of -0.36 and -0.27 m, res pectivel y. Calcul ated ELAs for th e two glaciers vary from observed values by 48 and 37 m for Br0gge rbreen and Lovenbreen, respecti vely (Table I) .
(2) M odel sensitivi ty to differing form s of input m eteorological data was tes ted using (a ) d aily averages of tempera ture, precipitation and cloudin ess, a nd (b) a n a nnual meth od with simple fun ctions to describe climate data a nd their variations through the year (cf. O erlemans, 1992). It was fo und th at a more satisfactory fit with observed mass-balance data was achieved using d aily m eteorological values to model modern climate (Fig. 6 ).
(3) Sensitivity tests on the response of northwest Spitsbergen glaciers to g reenhouse wa rming included cha nges in annual temperature, and various combinations of summer and winter temperature and precipita tion shifts (Figs 7 and 8) . Energy-balance modelling predicts a net balance ch ange of -0.61 m year I per QC of temper ature ri se relative to the present, a nd a rise in equilibrium line of 90 m QC-I. When summer temperature is increased by 3.5 Q C, increased melting could not be offse t a nywhere on the glacier by even a 50 % increase in precipit ation .
(4) Modelling for a n envelope of possible Littl e Ice Age conditions in Spitsbergen suggests that cooling would result
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in a n increase in net ba la nce of 0.30 m year I Q C I a nd a decrease in ELA of 77 m QC I relative to today (Fig. 9) . A 0.6 Q C cooling or a precipitati on increase of 23 % would result in zero net mass balance for Midre Lovenbreen.
Simil ar energy-bala nce studi es of glacier sensitivity to future climate warming have been carri ed out for southern Norwegian, A lpine a nd Greenl and ice m asses (O erlemans, 1991, 1992) . The predicted net mass-balance values for a Spitsbergen glacier support the suggestion that glaciers with a m a ritime influence (i.e. higher acc umulation ) a re the most sensitive to clim ate cha nge. This in turn impli es that there is likely to be a g radient toward s dec reasing sensitivity to climate cha nge as acc umul ation decreases eastward a nd with altitude within Spitsbergen a nd the Svalbard a rchipelago in gener al.
